ABSTRACT: Intertidal encapsulated embryos may be synchronously exposed to many environmental stressors, but interactions between some of these factors remain poorly understood. Here, the effects of solar radiation and desiccation on embryonic mortality and developmental rates were assessed using laboratory and field experiments. Egg masses of 3 intertidal gastropod species were exposed for 72 h to combinations of spectral (full spectrum, UV-blocked, dark) and daily emersion treatments (control, 15, 30, 60 min). Siphonaria denticulata and Bembicium nanum embryos were expected to be tolerant to emersion and UVR as they are routinely deposited on exposed rock platforms. In contrast, Dolabrifera brazieri embryos were predicted to be vulnerable to these stressors, as they are deposited in shaded, submerged habitats. Laboratory experiments revealed that light treatments and desiccation negatively affected the mortality and developmental rate of D. brazieri. The mortality of B. nanum did not significantly increase after UVR exposure or emersion, and the developmental rate was significantly faster in light treatments than in the dark. Surprisingly, embryonic mortality of S. denticulata was significantly higher in UV-blocked treatments than in full-spectrum treatments after 60 min emersion periods, but neither spectral treatments nor desiccation periods affected developmental rates. Field observations were also conducted to investigate the natural effects of desiccation on the embryonic mortality of S. denticulata and B. nanum. Despite the apparent resistance of these embryos to UVR and desiccation in the laboratory, mortality was significantly higher in desiccated habitats than in submerged habitats in the field, thus suggesting that selection of these spawning sites may not be optimal for embryos, particularly in light of global change.
INTRODUCTION
Intertidal environments can be extremely harsh and complex, comprising dynamic microhabitats, such as exposed shallow rock pools where temperature, salinity, spectral exposure and immersion vary daily. In contrast, other intertidal microhabitats are relatively stable, such as the undersides of submerged boulders. Larvae are considered the most vulnerable life stage for most marine invertebrates (Thorson 1950 , Jackson & Strathmann 1981 , so environmental conditions of the microhabitats in which they develop are particularly important to their survival. Adults can reduce risk to their offspring from environmental stresses by spawning in relatively stable environments, such as under boulders or in the subtidal. However, some species routinely deposit their egg masses in exposed habitats in which embryos are vulnerable to damaging ultraviolet radiation (UVR) and periods of desiccation for the duration of their encapsulation .
Surface UVR comprises UV-A (315 to 400 nm) and UV-B (280 to 315 nm) and can cause a range of deleterious effects on aquatic organisms, including DNA damage, developmental abnormalities and behavioural changes (reviewed by Haeder et al. 1998 , Day & Neale 2002 , Paul & Gwynn-Jones 2003 . UVR exposure increases embryonic mortality of some corals (Gleason & Wellington 1995) , sea urchins (Adams & Shick 1996) , algae (Altamirano et al. 2003) and encapsulated molluscs (Biermann et al. 1992 , Rawlings 1996 . The effects of UVR on embryonic mortality of gastropods are species-specific; encapsulated embryos of species that spawn in the sun are less vulnerable to the negative effects of UVR than embryos of those species that only spawn in the shade . Recently, stratospheric ozone has decreased due to anthropogenic activity; UV-B flux at the Earth's surface has increased accordingly, thereby increasing exposure of organisms to these damaging wavelengths. Importantly, UVR does not operate in isolation, and has been shown to significantly interact with temperature and salinity to further increase embryonic mortality.
Desiccation is one of the most important factors contributing to embryonic mortality in the intertidal (Chambers & McQuaid 1994 , Ocana & Emson 1999 , but there is little empirical research on the effects of desiccation on encapsulated invertebrates (Rawlings 1999) . The few existing studies have linked desiccation to decreased encapsulation periods (Pechenik et al. 2003) and increased mortality (Pechenik 1978 , Creese 1980 , Gosselin & Chia 1995 , Yaroslavtseva et al. 2001 . UVR exposure and desiccation often occur concurrently during low tides, and research on bryophytes suggests that combined effects of UVR and desiccation exposure may be responsible for tolerance to these individual stressors (Takacs et al. 1999) . Nevertheless, the potential synergistic effects on invertebrate development have, surprisingly, not yet been examined.
In the present study, multifactorial laboratory experiments were conducted to determine the effects of UVR exposure and desiccation on the developmental rates and embryonic mortality of 3 common intertidal gastropods, the pulmonate Siphonaria denticulata, the opisthobranch Dolabrifera brazieri and the littorinid Bembicium nanum. These species were chosen because they are abundant along the south-eastern Australian coast, and they spawn year-round (author's unpubl. data). Furthermore, their egg masses are deposited in habitats with differential exposure to environmental stressors, such as UVR and desiccation. Encapsulated embryos are unable to seek shelter during periods of desiccation and of UVR exposure associated with low tides, and species would thus be expected to spawn in habitats that are conducive to successful embryonic development (Pechenik 1978) . Indeed, D. brazieri spawns underneath submerged boulders, but both B. nanum and S. denticulata spawn in sunny habitats prone to desiccation during low tides (Fig. 1) . Therefore, I predicted that embryos of B. nanum and S. denticulata would be less vulnerable to UVR and desiccation than D. brazieri, thus reflecting adaptation to stressors that occur frequently in their natural habitat. Complementary field observations Fig. 1 . Adults and egg masses of (a) Siphonaria denticulata on an emersed rock platform, (b) Dolabrifera brazieri under a submerged boulder and (c) Bembicium nanum on a rock platform with undeveloped (white) and mature (brown) egg masses. Horizontal arrows indicate adults; vertical arrows indicate egg masses. Scale bars = 2 cm were also conducted to determine natural environmental conditions and embryonic mortality of the 2 species that spawn in dynamic habitats, S. denticulata and B. nanum. The potential risks of exposure to UVR and desiccation may be outweighed by faster developmental rate (Pechenik et al. 2003 , and it is hoped that results from the present study will clarify this trend and highlight reasons for selection of apparently risky spawning sites.
MATERIALS AND METHODS
Laboratory experiment. Undeveloped egg masses of Siphonaria denticulata, Dolabrifera brazieri and Bembicium nanum were collected from the rocky shores of Bass Point (34°35' 45'' S, 150°53' 20'' E) in southeastern New South Wales in April 2004 (Fig. 1 ). An egg mass is defined as the entire discrete gelatinous mass of a given species. S. denticulata egg masses are spiralled cylindrical gelatinous ribbons (Fig. 1a) ; D. brazieri egg masses are flattened continuous gelatinous ribbons deposited in a characteristic zig-zag pattern (Fig. 1b) , and B. nanum egg masses are composed of several discrete gelatinous compartments (Fig. 1c ) (see for egg mass sizes and egg densities). Six egg masses were collected from each species and were examined microscopically to confirm pre-trochophore stage (40× magnification).
Each egg mass was divided into 12 pieces of approximately equal size across species and placed in plastic containers (height 2.5 cm, diameter 6 cm) within a 300 l outdoor recirculating seawater system. Previous research has revealed that cutting gelatinous egg masses does not deleteriously affect them (Rose 1986) . Each container was drilled with 20 holes of 1 mm diameter to allow water flow; the containers represented a combination of desiccation and spectral treatments. Spectral treatments were attained using cut-off filters whose transmission properties were confirmed using a spectrophotometer (Shimadzu UV1601): (1) 'dark' was attained by black plastic, which allowed < 2% PAR and 0% UVR; (2) 'UV-blocked' was achieved using polyethylene film with UV absorption, which allowed 85% transmittance from 420 to 800 nm, with a sharp decline at 420 nm to 0% at 350 nm; and (3) 'full spectrum' was attained using clear polyethylene cling wrap, which allowed > 95% transmittance from 250 to 800 nm (for transmission properties see Przeslawski et al. 2004) . Desiccation treatments were conducted by removing egg masses from the main tank at noon and exposing them to air under their assigned cut-off filters for 15, 30 and 60 min. Egg masses were desiccated simultaneously and on the same plastic surface, so that they were exposed to uniform conditions during emersion.
Control egg masses were not exposed to air at all. In addition, all egg masses were randomly re-oriented in containers each day. Water temperature was monitored with a thermal microchip (Thermochron I-Button) and was 19.90 ± 0.92°C. Air temperature during desiccation was randomly monitored using a standard thermometer at approximately 22°C, and no thermal difference was found between spectral treatments. Salinity was maintained at 35 ppt using a handheld refractometer and the addition of distilled water. Egg masses were left in the experimental tank for 72 h and were thus desiccated 3 times. This time period represented ecologically realistic exposure to stressors, as evidenced by previous field observations , authors' pers. obs.) and observations of encapsulation periods of approximately 3 to 5 d for these species at water temperatures of 25°C (author's unpubl. data). Furthermore, this time period allowed embryos to develop to a stage at which embryonic mortality could be detected.
After 72 h in experimental treatments, all egg mass pieces were removed and examined using a dissection microscope (40× magnification). Mortality of peripheral embryos was estimated for each piece by randomly sampling 100 embryos on both sides of the egg mass and scoring embryos that were alive versus dead. Superficially, the sample size seems small, but the actual number of embryos examined in this study was over 21 000 (6 egg masses × 12 treatments × 100 embryos per egg mass × 3 species). Embryos were considered dead if they were degenerating or relatively underdeveloped. Developmental stage was also recorded and defined as the stage in which > 50% of embryos within each egg mass piece were found. If 2 stages were equally represented within 1 piece, the mean stage was recorded. Developmental stages were categorised as (1) non-ciliated (pretrochophore), (2) ciliated with no shell (trochophore/ early veliger), (3) partial shell (veliger) and (4) full shell (late veliger/larvae). Then, 2-factor ANOVAs were performed on the data for each species using the restricted maximum-likelihood (REML) technique in the statistical package JMP 4, where α = 0.05. Due to binomial distribution of residuals versus predicted values, all mortality data was transformed using a standard arcsine transformation such that ANOVA assumptions of heterogeneous variances and normality were valid (Zar 1998 ). Tukey's HSD-tests revealed significant relationships.
Field observations. During the austral summer of 2003/2004, mature egg masses of Siphonaria denticulata and Bembicium nanum were randomly collected from mid-tidal zones on rocky shores along the Illawarra coast in south-eastern New South Wales. Egg masses of Dolabrifera brazieri were not used in field observations as habitats with differential conditions did not exist; in a 2 yr survey, egg masses from this species were only found in submerged and shaded habitats (author's unpubl. data). Collection occurred on the third day of low spring tide cycles (< 0.2 m) where weather conditions had been similar and uniform across sites for all 3 d. Mature egg masses were identified by colour change associated with developed veliger shells or the relaxed gelatinous characteristic of mature or unviable egg masses of these species (Fig. 1c) . If an egg mass was submerged, water temperature was recorded, and a sample of the water was collected for salinity measurement in the laboratory at 20°C using a handheld refractometer.
Egg masses were examined in the laboratory under a dissecting microscope (40× magnification). Embryonic mortality was determined for each egg mass as described previously. In addition, surface algal fouling was recorded using visual quantification methods described in . A 2-way ANOVA was used to detect differences in embryonic mortality (arcsine-transformed) and developmental rate between egg masses from static, moderate, extreme and desiccated habitats. Static habitats had salinities of 35 ppt and temperatures below 22°C, coinciding with conditions of open-water environments during summer. Moderate habitats had salinities between 31 and 34 or 36 and 39 ppt and temperatures under 28°C. Extreme habitats had salinities > 40 ppt or temperatures > 28°C. Desiccated habitats were those in which water had evaporated, leaving the egg mass exposed to the air. Tukey's tests were used to determine significant relationships.
RESULTS

Laboratory experiment
Spectral treatment and desiccation time interacted significantly to affect the mortality of Siphonaria denticulata (p = 0.0274, Table 1a ) and Dolabrifera brazieri (p = 0.0144, Table 1a ). Mortality of S. denticulata embryos was significantly higher in UV-blocked treatments than in full-spectrum treatments after 60 min of desiccation, as confirmed by Tukey's tests. Furthermore, mortality of these UV-blocked embryos increased steadily and significantly between 0 and 60 min of desiccation (Fig. 2a) . In contrast, there were no significant effects of desiccation in dark treatments (Fig. 2a) . Mortality of D. brazieri embryos was significantly lower under dark conditions than in either light treatment for all egg masses subject to desiccation; egg masses that were not desiccated showed no difference in embryonic mortality among spectral treatments (Fig. 2b) . Moreover, embryonic mortality of D. brazieri significantly increased as desiccation time increased for egg masses in all spectral treatments, as confirmed by Tukey's tests (Fig. 2b) . Embryonic mortality of Bembicium nanum was unaffected by either spectral treatment or desiccation (Table 1a , Fig. 2c) .
The developmental rate of Bembicium nanum was affected by spectral treatment (p = 0.0135, Table 1b , Fig. 3c ), with embryos in the dark developing significantly slower than embryos in both light treatments, as revealed by Tukey's tests. Embryonic developmental rates of Siphonaria denticulata were unaffected by UVR or desiccation (Fig. 3a, Table 1b ). There were many Dolabrifera brazieri egg masses that were com-172
Source
Siphonaria denticulata Dolabrifera brazieri Table 1 . Effects of spectral treatment and desiccation on (a) embryonic mortality (arcsine-transformed) and (b) developmental rate of 3 gastropod species as determined by ANOVAs using restricted maximum likelihood with random factors italicised (n = 6) pletely unviable after full-spectrum treatments after 30 and 60 min of emersion, and developmental data were not available for these samples (Fig. 2b) . Thus, the developmental rate of D. brazieri was only analysed for control samples and those subject to 15 min emersion treatments. Desiccation significantly affected developmental rate (p = 0.0406, Table 1b), with more mature embryos occurring in control egg masses than those egg masses subject to 15 min of emersion (Fig. 3b) .
Field observations
A total of 82 Bembicium nanum and 86 Siphonaria denticulata egg masses were collected, and all egg masses were found in habitats exposed to sunlight. For both species, the least numbers of egg masses were found in static habitats (Fig. 4) , and > 70% of their egg masses were found in moderate or extreme habitats (Fig. 4) . Egg masses from desiccated habitats represented 18% of total B. nanum egg masses and 23% of total S. denticulata egg masses (Fig. 4 Table 2 . Effects of spawning microhabitat on embryonic mortality (arcsine-transformed) of Siphonaria denticulata (n = 86) and Bembicium nanum (n = 82) as determined by a 2-factor ANOVA (see Fig. 4 legend for habitat class definitions) Fig. 2 . Effects of spectral treatments and emersion times on the embryonic mortality of (a) Siphonaria denticulata, (b) Dolabrifera brazieri and (c) Bembicium nanum. Error bars are standard error of mean (n = 6) Fig. 3 . Effects of spectral treatments and emersion times on the developmental rate of (a) Siphonaria denticulata, (b) Dolabrifera brazieri and (c) Bembicium nanum. Error bars are standard error of mean (n = 6)
Emersion time (min) Emersion time (min)
Spawning habitat significantly affected embryonic mortality of both species, as confirmed by a 2-way ANOVA (p < 0.0001, Table 2 ). Tukey's tests confirmed that Siphonaria denticulata and Bembicium nanum egg masses from desiccated habitats had significantly higher embryonic mortality rates than those egg masses from habitats in which they were still submerged during low tides (Fig. 5) . Spawning habitat had no significant effect on algal fouling (F = 1.2557, p = 0.2929), but the above dataset was analysed again with the exclusion of egg masses with > 20% algal fouling to remove this potentially confounding factor ). Significant relationships were unchanged (data not shown).
DISCUSSION
This study revealed that ultraviolet radiation and desiccation time significantly affect both embryonic mortality and developmental rate of certain gastropods and that these effects may be synergistic. Moreover, field observations reveal that egg masses of Siphonaria denticulata and Bembicium nanum are frequently deposited in areas in which they are subject to desiccation (Fig. 4) . As such, embryos of S. denticulata and B. nanum may be better protected against the negative effects of UVR and desiccation than embryos of Dolabrifera brazieri. Indeed, the effects of spectral treatment and desiccation time are species specific ( Table 1) . As expected, D. brazieri had the highest overall mortality, which increased under light and longer periods of emersion (Fig. 2b) . Surprisingly, these effects do not seem to be caused by UVR. Rather, visible light is detrimental to this species as the UV-blocking light treatment significantly increased embryonic mortality (Fig. 2b) . Previous studies have found that D. brazieri embryos are generally no more vulnerable to synergistic effects of UVR, temperature and salinity than the other 2 species , but the present study indicates that D. brazieri is vulnerable to light and possibly UVR when subject to desiccation. Although not synergistic (i.e. additive), the interactions of these 2 factors may thus play a key role in limiting the spawning habitat of this species.
As predicted, embryos of Siphonaria denticulata and Bembicium nanum appear to be well adapted to UVR exposure and periodic desiccation. The overall mortality of B. nanum in the laboratory was relatively low and was not increased by either stressor (Table 1a , Fig. 2c) . Furthermore, developmental rate of this species was faster in light treatments than in the dark (Fig. 3c) , thereby reducing time spent in vulnerable encapsulated larval stages (Spight 1975 , Havenhand 1993 Fig. 4 . Egg mass abundance of (a) Siphonaria denticulata (n = 86) and (b) Bembicium nanum (n = 82) according to conditions during low tide of the microhabitat in which they were deposited. 'Static habitats' had salinities of 35 ppt and temperatures < 22°C, coinciding with conditions of open-water environments during summer. 'Moderate habitats' had salinities between 31 and 34 or 36 and 39 ppt and temperatures < 28°C. 'Extreme habitats' had salinities > 40 ppt or temperatures > 28°C. 'Desiccated habitats' were those in which water had evaporated leaving the egg mass exposed to the air Fig. 5 . Effects of microhabitat on the embryonic mortality of Siphonaria denticulata and Bembicium nanum (see Fig. 4 legend for microhabitat classifications). #Significant difference at p = 0.0001 22 gastropod species found that light exposure shortened the encapsulation period ). These trends may reflect a currently unknown, direct response to light or UVR. For example, UVR exposure can stimulate production of mycosporine-like amino acids in some organisms, and these compounds may help regulate development (Shick & Dunlap 2002) . Alternatively, rising temperatures associated with sunlight may have increased developmental rate (Palmer 1994) . Although air and water temperatures showed no significant differences between treatments in this study, the internal temperature of egg masses was not monitored and may have been slightly higher for B. nanum in light treatments. In contrast to spectral treatments, desiccation did not positively affect the developmental rate of any species examined in this study. Faster development rates after desiccation have previously been observed in encapsulated gastropods (Pechenik et al. 2003) and may reflect increased oxygen availability to the embryos (Strathmann & Hess 1999) . The lack of faster development after desiccation does not necessarily suggest no increase in oxygen availability; rather, it may reflect other factors that retard development, such as salinity fluctuations or photodamage (Przeslawski 2004) .
Unlike Bembicium nanum, the developmental rate of Siphonaria denticulata was not significantly faster in the light (Fig. 3a) , but embryos showed a similar resistance against the negative effects of UVR (Fig. 2a) . Surprisingly, embryos of this species showed lower mortality in full-spectrum treatments than UV-blocked treatments irrespective of desiccation time. This trend was particularly striking after 1 h of emersion, when embryonic mortality under full-spectrum treatments was negligible, but > 25% of the embryos had died under UV-blocked treatments (Fig. 2a) . These results may be explained by the presence of UV-A inducible repair mechanisms in encapsulated embryos of S. denticulata. Such mechanisms have not been investigated in marine invertebrates, but they have been found in other marine organisms. Previous research has shown that UV-A induces the production of the antioxidant coenzyme Q in marine bacteria and carotenoids in marine microalgae (Jahnke 1999) . UV-A can also stimulate the production of DNA polymerase α in diatoms, a necessary enzyme for eukaryotic cell replication and repair (Wei et al. 2004) . In the present study, UV-blocking treatments may have eliminated cues for the initiation of similar repair processes in S. denticulata; and damage from long emersion periods accumulated, thereby resulting in the death of many embryos. Further investigations on S. denticulata should incorporate UV-B blocking treatments to isolate the effects of UV-A. In addition, examining the rates of DNA and protein damage and repair may reveal why more embryos die without UVR exposure when synchronously desiccated for relatively long periods.
Despite the apparent tolerance of Siphonaria denticulata and Bembicium nanum embryos to UVR and desiccation in the laboratory, field results indicate that they are indeed vulnerable to desiccation and potential synergistic effects with UVR. The leathery egg capsules of neogastropods do not seem to provide sufficient embryonic protection against the stresses associated with emersion (Rawlings 1999) , and results from the present study indicate this may also apply to species that deposit structurally different gelatinous egg masses. Mature embryos from desiccated habitats had significantly higher mortality than those from all submerged habitats (Fig. 5) . This suggests that periods of emersion in natural environments can exceed 1 h, thus resulting in the high mortalities observed in the field. Moreover, the effects of splash are likely negligible for many egg masses, and the effects of wind may increase desiccation rates in the field. The laboratory study here only examined emersion times up to 1 h, and longer desiccation periods may have revealed negative effects similar to those observed in Dolabrifera brazieri (Fig. 2b) . Indeed, our field results support previous observations by Creese (1980) in which more S. denticulata embryos died in high-shore habitats than low-shore habitats, presumably due to longer emersion periods.
The vulnerability of these embryos to desiccation and UVR in the field suggests that they may be negatively impacted by global change, including stratospheric ozone depletion and climate change. Stratospheric ozone depletion results in elevated levels of incident UV-B, and global climate change may herald shifts in temperature, precipitation and even sea level. As such, embryos of Bembicium nanum and Siphonaria denticulata may be synchronously exposed to elevated UVR and temperature as well as changes in salinity and emersion periods. Intertidal organisms are vulnerable to the negative effects of interactions between abiotic stressors associated with global change (Przeslawski 2005) , and the present study corroborates these findings in relation to UVR and desiccation.
The potential protective mechanisms of these embryos are unknown, but likely the capsule wall and/or gel matrix reduce some water loss. Multifactorial studies on both encapsulated and pelagic larvae may clarify the role of encapsulating structures in protection against desiccation. Previous studies have found that water loss was also affected by egg mass size (Bayne 1968 , Strathmann & Hess 1999 ) and egg mass shape (Chambers & McQuaid 1994 , Strathmann & Hess 1999 . Indeed, a study on Australian Siphonaria sp. suggested that coiled egg ribbons similar in shape to S. denticulata have the highest rates of water loss (Chambers & McQuaid 1994) . Results from this study indicate that S. denticulata is in fact tolerant of emersion periods up to 1 h, and it may be that water loss rates are not necessarily indicative of negative embryonic responses (e.g. Meyer & Santarius 1998) .
Protection against UVR may be provided by specialised compounds called mycosporine-like amino acids (MAAs) that absorb UVR and act as chemical sunscreens (reviewed by Shick & Dunlap 2002) . MAAs occur in egg masses of all 3 species examined in this study ), but have been found to significantly decrease mortality of only Bembicium nanum embryos in the presence of full UVR (author's unpubl. data). Furthermore, DNA repair mechanisms and/or antioxidants may help mitigate UVR damages, and there is some evidence that Siphonaria denticulata may possess such photoprotective mechanisms, based on extremely high survivorship of egg masses with low MAA concentrations after UVR exposure (author's unpubl. data).
Laboratory and field observations from this study reveal that interactions between desiccation and UVR have negative effects on intertidal gastropod development similar to those observed between UVR, temperature and salinity . This suggests that effects of abiotic factors in the intertidal and other dynamic habitats may be underestimated if potential interactions are not considered. Furthermore, interactions between these factors are species specific, as confirmed by the present study and Przeslawski et al. (2005) . Thus, generalisations concerning interactive effects of abiotic factors should be made cautiously and only when numerous species have been examined lest oversimplification occurs.
The upper vertical limit of gastropods on rocky shores often depends on adult tolerances to desiccation (Underwood 1979) , but the present study has shown that the same trend does not necessarily apply to distribution of encapsulated offspring. Despite their vulnerability to desiccation, both Siphonaria denticulata and Bembricium nanum spawn in potentially risky habitats, suggesting that embryonic welfare may not be a driving force in spawning-site selection for these species. Instead, spawning-site preference may be tied to adult behaviour (Spight 1977) . Alternatively, other benefits, such as reduction of predation, may outweigh the potential risks associated with emersion and UVR exposure. Based on the abundances of these species on many south-eastern Australian rock platforms, their spawning habitats are obviously conducive to successful development and recruitment of offspring despite the potential risks of desiccation and UVR.
